Many cosmetics, sunscreens, and other consumer products are reported to contain nanoscale materials. The possible transdermal absorption of nanoscale materials and the long-term consequences of the absorption have not been determined. We used polyethylene glycol coated cadmium selenide (CdSe) core quantum dots (QD; 37 nm diameter) to evaluate the penetration of nanoscale material into intact, tape stripped, acetone treated, or dermabraded mouse skin. QD were suspended in an oil-in-water emulsion (approximately 9mM) and the emulsion was applied at 2 mg/cm 2 to mouse dorsal skin pretreated as follows: intact; tape stripped to remove the stratum corneum; acetone pretreated; dermabraded to remove stratum corneum and epidermis. QD penetration into the skin was monitored in sentinel organs (liver and regional draining lymph nodes) using inductively coupled plasma mass spectrometry analysis of cadmium (from the CdSe QD). No consistent cadmium elevation was detected in the sentinel organs of mice with intact, acetone pretreated, or tape-stripped skin at 24-and 48-h post-QD application; however, in dermabraded mice, cadmium elevations were detected in the lymph nodes and liver. QD accumulation (as cadmium) in the liver was approximately 2.0% of the applied dose. The passing of QD through the dermabraded skin was confirmed using confocal fluorescence microscopy. These results suggest that transdermal absorption of nanoscale materials depends on skin barrier quality, and that the lack of an epidermis provided access to QD penetration. Future dermal risk assessments of nanoscale materials should consider key barrier aspects of skin and its overall physiologic integrity.
Nanotechnology involves the manipulation of matter at the atomic or molecular scale, where the dimensions are less than 100 nm (Feynman, 1959 ; National Nanotechnology Initiative [NNI] ; Oberdörster et al., 2005) . In an early treatise on the synthesis of nanomaterials, Whitesides et al. (1991) pointed out that synthesis in this size domain has been occurring for some time through (1) chemical synthesis of structures using covalent bonds; (2) covalent polymerization; (3) self-assembly of crystal and colloid structures through ionic, hydrogen bond, or van der Waals interactions; or (4) molecular self-assembly using combinations of the other synthetic approaches. The direct synthesis of nanoscale materials from atomic elements is referred to as a bottom-up approach, whereas the reduction of the size of larger particles of a particular material (e.g., micron sized) through mechanical means is referred to as a top-down approach. Regardless of which approach is used, the discovery and application of nanomaterials is one of the fastest growing fields of science today.
The synthesis of nanoscale materials is neither new nor entirely anthropogenic. Biological materials such as proteins, lipids, RNA, and DNA use ionic or hydrogen bonding to either self-orient or self-assembly into complex aggregates (Minetti and Remeta, 2006; Schneider et al., 2007; Westhof and Hardy, 2004; White and Wimley, 1999) . The crystallization of calcium phosphate (Randall's plaque) (C xiftc xiog˘lu et al., 2008) , calcium oxalate (Robertson, 2004) , and melamine cyanurate (Dobson et al., 2008; Reimschuessel et al., 2008; Whitesides et al., 1991) that occurs in the renal tubules or urinary bladder is an additional example of the self-assembly at the nanoscale that occurs in biological systems. Other naturally occurring nanoscale materials that self-assemble include viruses (Zlotnick, 2005) , magnetite (Arakaki et al., 2008; Komeili, 2007) , ferritin (Alekseenko et al., 2008; Theil et al., 2006) , and fullerenes in geological residues (Busek, 2002; Busek et al., 1992; Mossman et al., 2003) .
Anthropogenic nanomaterials are being commercialized for a wide range of applications in the fields of biotechnology, bioengineering, medicine, and materials science. The influx of funding from government sources, such as the U.S. NNI ($1.5 billion in 2009), and the focused efforts at the National Institutes of Health (NIH) to use nanotechnology to detect, diagnose, and treat disease have led to a virtual explosion in the development of nanotechnology-based materials (NCI; NIH; NNI). Some of these applications are refinements of old technologies, such as continued development of nanoscale superparamagnetic particles for magnetic resonance contrast imaging Longmire et al., 2008; Sosnovik, 2008) , the application of nanoscale titanium dioxide and zinc oxide as sunscreens (Hansen et al., 2008; Nohynek et al., 2007 Nohynek et al., , 2008 , and the use of nanoscale silver as an antimicrobial agent Li et al., 2008; Rai et al., 2009 ). In the case of nanosilver, it is anticipated that a significant portion of the population could be exposed, based on the number of products being developed and marketed (> 230; Woodrow Wilson Institute, 2008 ) that contain nanoscale silver including wound dressings, textiles for clothing, air filters, toothbrushes and dentifices, air filters, vacuum cleaners, personal hygiene products, and washing machines (Luoma, 2008; Woodrow Wilson Institute, 2008) .
Fluorescent quantum dots (QD) are typically composed of a nanoassembly of an inorganic metallic core (e.g., cadmium selenide, indium-gallium-arsenide), an insulating shell (e.g., zinc sulfide, cadmium sulfide), and an outer coating (Bhattacharya et al., 2004; Gao et al., 2005; Knight et al., 2004; Nirmal et al., 1996; Reimann and Manninen, 2002; Zheng et al., 2007) . The market for QD technology (colloidal suspensions, optoelectronics, solar energy, electronics, and optics) was $29 million in 2008 and is expected to grow to $246 million by 2013 (Les, 2008) . As a result of this increased use, there could potentially be increased exposure to QD during manufacture, product use, or product disposal.
A significant concern with the use of nanotechnology-based products is that nanoscale materials will penetrate protective physical barriers, such as the skin, lung, intestinal tract, and blood-brain barrier, and that the internalized nanomaterials will cause harm. The lack of quantitative information on the biological uptake of nanomaterials and toxicity of these materials has led to requests for moratoriums on marketing nanoscale materials until the full potential of transport and toxicology are understood (Bailey 2003; ETC, 2003 ETC, , 2006 Miller, 2008) .
In an attempt to address some of the concerns regarding nanomaterial safety, we have quantified the biological distribution of poly(ethylene glycol) (PEG)-coated QD following injection into skin in order to determine the biological distribution of the nanomaterials (Gopee et al., 2007) . In this report we quantify the skin penetration of the PEG-coated QD in a hairless mouse model under conditions where the skin was intact or compromised.
MATERIALS AND METHODS
Synthesis and characterization of nanoscale CdSe quantum dots. The amine terminated, PEG-coated QD were prepared and characterized as previously described (Gopee et al., 2007) . The QD consisted of a CdSe core and CdS shell and was nail-shaped (8.4 3 5.8 nm) with an emission maximum of 621 nm (Gopee et al., 2007) . With the polymer coating, the QD were 37 ± 1 nm as determined by size exclusion chromatography and dynamic light scattering (Gopee et al., 2007) . The concentration of QD was determined to be 19 ± 2.5lM as assessed by UV/VIS spectroscopy (Gopee et al., 2007) . Inductively coupled plasma mass spectroscopy (ICP-MS) analysis of the QD solution demonstrated 38mM Cd and 6mM Se for a Cd:Se ration of 6.4:1 (Gopee et al., 2007) .
Preparation of oil-in-water emulsion containing QD. An oil-in-water emulsion containing the water-soluble QD was made as follows. Part 1 of the emulsion was prepared by mixing 1 g of polyglyeryl-3 distearate (BASF, Parsipanny, NJ), 1 g cetearyl alcohol (Henkel Corp., Hoboken, NJ), and 3.33 g of mineral oil (USP, Penreco, Karns City, PA) at 60°C. Part 2 was made by mixing 16.7 mg of propylene glycol (Aldrich Chem. Co., Milwaukee, WI) with 0.4 ml of potassium phosphate, pH 7. Part 3 was made by mixing 10 mg methyl paraben (Pfaltz & Bauer, Inc., Stamford, CT), 10 mg of propyl paraben (Pfaltz & Bauer, Inc.), and 5 ml of water:propylene glycol (4:1) at 60°C. All parts were heated to 60°C, and Part 1 and 2 were mixed in a ratio of 1:2, respectively, at 1400 rpm using a heated mixer (Eppendorf Thermomixer) for 5 min, and then an equal volume of QD (or water) were added. Part 3 was added to give a ratio of 1:100 with the total mixture, and the solution was mixed briefly at 60°C, at 10 min at 40°C, followed by continued mixing until room temperature was achieved. The emulsion was used immediately for the studies. In these studies, the concentration of the QD was reduced from 19lM in the stock solution to 9.4lM in the emulsion. Treatment of mice and application of QD. At 9-12 weeks of age, the mice were weighed and anesthetized intraperitoneally with sodium pentobarbital (19 mg/kg body weight; Nembutal, Abbott Laboratories, North Chicago, IL). Mice were tape stripped 5-20 times on the right dorsal flank (n ¼ 4 mice per group) using D-Squame Skin Sampling Discs, with an area of 3.8 cm 2 (CuDerm Corporation, Dallas, TX) applied to the right dorsal flank under~47 g/cm 2 using a modified D-Squame pressure device (CuDerm Corporation) for 5 s. Dermabrasion (n ¼ 5 mice) was accomplished using a small felt wheel attached to a hand-held motor as described by Trempus et al. (1998) . A Dremel felt wheel (Dremel, Racine, WI) was attached to a Dremel 400XPR hand-held motor, and operated at 6000 rpm. The tool is held in one hand and lightly moved in one pass over the skin while the mouse skin is held taut with the other hand. This method was validated using histopathology examination of dermabraded skin during method development. Animals were pretreated once daily for four consecutive days with acetone wipes (Contec, Spartanburg, SC) . Approximately 1.6 3 1.6 cm of skin on the dorsal lateral back of the mice was used for application of 5 ll of the QD emulsion. The area was either untreated or pretreated with acetone, tape stripping, or dermabrasion (24 h, < 5 min, or < 5 min, respectively) prior to the application of the QD. On some of the mice, the area containing the QD was covered with an occlusion patch (Hill Top Research, Inc., Miamiville, OH), which was held in place with adhesive tape. All mice were fitted with Elizabethan collars (Kong Veterinary Products., Irwindale, CA) to prevent grooming the site of application. Mice were euthanized and the skin was removed and placed in 10% neutral buffered formalin, and after 24 h was dehydrated with ethanol, embedded in paraffin blocks, sectioned at 4 lm, and stained with hematoxylin and eosin and examined by light microscopy, or and mounted onto slides without staining or cover slips for fluorescence microscopy.
The mice (n ¼ 4 per treatment group) were sacrificed at 0, 24, and 48 h, and blood, liver, and regional draining lymph nodes were collected and analyzed by ICP-MS for cadmium and selenium. Tissues from one mouse at each time point were collected and processed for fluorescence microscopy (see above).
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Analysis of tissues. ICP-MS was performed utilizing a Fisons PQ3 instrument (Thermo Electron Corp., Franklin, MA). Samples were prepared for analysis as previously described (Gopee et al., 2007) by homogenization in 18 MX water (Ultra-Turrax T25 homogenizer; IKA, Stauffen, Germany), and weighed portions were combined with 70% HNO 3 (Ultrex; J.T. Baker, Phillipsburg, NJ) and dissolved using microwave digestion 35 min at 300 W power, 200°C, and 220 psi (CEM, Matthews, NC) using an Xpress PTFA vessel. Recovery was established using cadmium and selenium standards (SPEX CertiPrep; Claritas, Metuchen, NJ) with quantification of 112 Cd, 114 Cd, and 82 Se isotopes. The limit of detection for cadmium was 3 pg/ml. The ICP-MS was optimized using 9 Be, 115 In, and 238 U isotope standards. The tissue levels of selenium were not used to quantify QD penetration due to the high background of naturally occurring selenium in lymph node and liver (Gopee et al., 2007) . Calculations of the percent of administered dose (cadmium in CdSe QD) that was detected in tissues was made based on the amount of cadmium recovered in the tissues (specific activity times organ weight) divided by the administered dose (5 ll of 9.4lM QD, 18.8mM cadmium).
Microscopy. Typically, photomicrographs were obtained using bright field illumination to reveal the skin structure, using UV illumination with a filter pack to demonstrate selectively 620-nm QD fluorescent emission. Fluorescence photomicroscopy was conducted with a Leica DM RA2 photomicroscope (Leica Microsystems GmbH, Wetzlar, Germany), with bright field and fluorescence illumination, equipped with a SPOT RT-SE high resolution CCD camera/digital imaging system and SPOT imaging software (Diagnostics Instruments, Inc., Sterling Heights, MI). Filter sets for selectively visualizing 621-nm QD fluorescence utilized a 415WB/100 excitation filter, a 475DCLP dichroic filter, and 620WB20 emission filters (Omega Optical, Inc., Brattleboro, VT). Images were typically captured at 320 and saved as a 16 BPP file.
Confocal microscopy was conducted with a Zeiss LSM 510 Meta Axiovert 200 inverted confocal microscope (Carl Zeiss, Inc., Göttingen, Germany). Images were obtained using band-pass or long-pass filters and PMT detection or the polychromatic (Meta) detector. Excitation of the QD was accomplished with a diode 405-nm laser, or the 458-, 477-, or 488-nm lines from an Argon laser. Images were viewed using the Zeiss LSM Image Browser software.
Statistical analysis. The comparison of the cadmium in the treatment groups was conducted using a one-way analysis of variance using SigmaStat software (Jandel Scientific Corp., San Rafael, CA) with pair-wise comparisons of the levels at each time and dose to the corresponding control values. Values were considered significant when the probability value was 5% or less (p 0.05).
RESULTS

Histopathological Analysis of Mouse Skin Treatment
The question being addressed in this study was whether or not skin condition affected the dermal absorption of nanoscale materials. In this study we specifically addressed the penetration of PEG-coated QD suspended in an oil-in-water emulsion that is similar in composition to over-the-counter creams.
The preferred method for removing the stratum corneum is tape stripping, where adhesive tape is applied to the skin and following the application of constant pressure, the adhered corneocytes are removed. Rather than use existing methods from the literature, where it is difficult to match (when stated) the pressure used on the tape, we determined the number of tape strippings necessary to remove the stratum corneum from SKH-1 hairless mouse skin using a constant pressure device. The application of 5 or 10 tape stripping repetitions to the same area of skin ( Fig. 1 ) resulted in essentially the same effect, where the superficial keratin of the stratum corneum, which was partially desquamated in control skin, had been virtually removed. The deeper keratin layer of the stratum corneum remained attached to the stratum granulosum and there was some minor, acute cellular swelling with increasing tape stripping (Fig. 1, arrow heads) . When the same area of skin was subjected to 15 tape strippings, the stratum corneum had been virtually removed; however, in many of the regions where the stratum corneum appeared to be completely removed, the epidermis stained more intensely and appeared compressed with attenuation of cellular layers (atrophy), including the stratum basale. In these regions, nuclei of cells of the stratum basale were flattened, shrunken, and hyperchromatic. As a result of the skin trauma induced by 15 tape strippings, we chose to use 10 tape strippings for the subsequent studies to achieve removal of the stratum corneum without damaging the epidermis (stratum basale and stratum granulosum).
Dermabrasion was achieved using a buffer wheel. Histopathological examination of the skin confirmed that the method led to dermabrasion (i.e., epidermal removal) and not frank injury or wounding (i.e., removal of upper dermis). As shown in Figure 2 , the method resulted in the removal of the stratum corneum and the viable epidermis (two to four cell layers thick including the stratum basale). Examination of the dermis indicated that no hemorrhage was present following the dermabrasion. There was evidence of some degranulating mast cells, congested capillaries and venules, hyperemic arterioles, and margination of some neutrophils along capillary and venule endothelia. One day following the dermabrasion, the treated area was covered with a dried serum exudate (scab) and numerous inflammatory cells (image not shown), dermal inflammation, and hyperplasia of the adjacent epidermis. Three days after the dermabrasion, the treated area had a thin layer of regenerating epithelium under the scab with continued inflammation in the dermis. Complete regeneration of the epidermis occurred between days 4 and 9 (image not shown).
A group of mice was treated once daily for 4 days on a 1.6 3 1.6 cm area of skin with acetone wipes to mimic dry skin conditions. Histopathological examination of mice from this group indicated induced hyperkeratosis, parakeratosis, hyperplasia, and inflammation in the epidermis (images not shown).
The most common effect in the dermis was increased thickness and density of dermal collagen (fibrosis) compared with the control.
Quantitative Distribution of QD (Cadmium) Following
Application to Mice
The QD emulsion was applied to the backs of mice either intact skin or skin compromised by tape stripping, acetone FIG. 2. Dermabrasion was used to remove the stratum corneum and epidermis. The panel on the left is skin from an untreated mouse. The skin section on the right is from a mouse where the epidermis was removed using dermabrasion (1 h prior). The skin was stained with hematoxylin and eosin. Magnification is at 320.
FIG. 3.
Cd levels in regional lymph nodes of SKH-1 mice topically applied with CdSe QD suspended at 9lM in an oil-in-water emulsion. The axial and brachial lymph nodes were removed from mice (n ¼ 3 per group) topically treated as follows: (A) no QD applied; (B) QD applied to normal skin; (C) QD applied to tape-stripped skin; (D) QD applied to acetone treated skin; (E) QD applied to untreated skin and covered with occlusion patch; (F) QD applied to dermabraded skin; (G) QD applied to dermabraded skin and covered with occlusion patch. The animals were sacrificed at 0 h (open bar), 24 h (hatched bar), or 48 h (filled bar) after application of the emulsion. 40 GOPEE ET AL. treatment, or dermabrasion. Some of the mice in the intact or dermabraded skin groups had the site of QD application covered with an occlusion patch. At sacrifice, the liver and lymph nodes were removed and the tissue levels of cadmium (from QD) analyzed using ICP-MS as a surrogate for levels of CdSe QD within the tissue. The results of the analysis of the lymph nodes are shown in Figure 3 . The application of QD to skin that was untreated (Fig. 3B) did not result in an increase in lymph node cadmium levels at 0, 24, or 48 h over the values detected in lymph nodes from control animals (Fig. 3A) . Lymph node levels of cadmium were not affected at 24 or 48 h by tape strip removal of the stratum corneum (Fig. 3C ), acetone pretreatment (Fig. 3D) , and intact skin covered with occlusion patch (Fig. 3E) . When the epidermis of the mice was removed by dermabrasion, the application of QD to the skin resulted in an increase of cadmium levels in the lymph nodes from approximately 20 ng/g tissue in the controls to approximately 120 ng/g tissue at 24 h and remained at this level at 48 h (Fig.  3F) . The application of QD to dermabraded skin, and covering the application with an occlusion patch, still resulted in elevated cadmium levels in the lymph nodes at 24 and 48 h (Fig. 3G) .
The levels of cadmium in the liver in the treated animals are shown in Figure 4 . The application of QD to untreated skin resulted in no elevation of cadmium at 24 h (hatched bar ,  Fig. 4B) ; however, there was a statistically significant elevation at 48 h (p < 0.05; Fig. 4B ). Liver levels of cadmium were not affected at 24 or 48 h by tape strip removal of the stratum corneum (Fig. 4C) , acetone pretreatment (Fig. 4D) , or intact skin covered with occlusion patch (Fig. 4E ). Significant increases in liver cadmium levels were detected in the livers of mice that were treated by dermabrasion followed by application of the QD, with the cadmium increasing from approximately 20 ng/g in control and 0 h mouse livers, to approximately 100 ng/g at 24 and 48 h (Fig. 4F) . The application of occlusion patches to the mice following application of QD to the dermabrasion site also resulted in increased levels of cadmium over the control at 24 and 48 h (Fig. 4G) .
Considering the dose of QD applied, specific levels of Cd in the tissues, and tissue mass, the total level of cadmium detected in the livers of the dermabraded mice averaged 1.98 ± 0.08% and 1.47 ± 0.11% of the applied dose at 24 and 48 h, respectively. The application of the occlusion patch over the dermabraded area following the addition of the QD resulted in 1.96 ± 0.62% and 1.74 ± 0.06% of the applied dose in the livers at 24 and 48 h, respectively.
Fluorescence Microscopic Evidence of QD Penetration into the Skin of Dermabraded Mice
Fluorescence microscopy was used to confirm the migration of QD into the skin of mice that were dermabraded prior to the application of the QD (Fig. 5) . There was an appearance of bright red fluorescence in the sections of skin from mice treated with dermabrasion (with [ Fig. 5D ] and without [ Fig. 5F ] occlusion patch) that was not present in the intact skin from control mice (Fig. 5B ) or mice pretreated with tape stripping (image not shown). This red fluorescence was consistent with the emission maximum of the QD (621 nm), was concentrated in the regenerating epidermis, and was also located in the dermis and around dermal substructures. The SKH-1 mice do have some hair follicles without the development of hair shafts, and on occasion in this and other studies, we have detected QD in the upper aspects of hair follicles; however, in the dermabraded skin the penetration of the QD into the skin appeared to be independent of the presence of follicles, and QD penetration was a general phenomenon in the dermabraded skin.
Further evidence that the QD migrated into the dermis following application of QD to dermabraded skin was provided by confocal microscopy with polychromatic detection. QD fluorescence was visible in the dermis using confocal microscopy with fluorescence detection and a > 575-nm long-pass filter (Fig. 6B) . The QD are highly visible on the surface of the dermabraded skin (left aspect of Fig. 6B ) with QD fluorescence apparent in the dermis and especially in two areas below the epidermis (middle and right sides of Fig. 6B ). Autofluorescence in mouse, pig, and human skin typically is detected in the light passed by the 505-to 550-nm band-pass filter and > 575 nm long-pass filter. The wavelength of the fluorescence in the dermis following application of QD to dermabraded skin was > 575 nm (Fig. 6B) , but not present in the 505-to 550-nm band-pass window (Fig. 6A) suggesting the fluorescence was the result of the presence of the QD (621 nm emission). A composite of the images in Figures 6A-C is shown as Figure 6D , revealing dermis structural aspects and the location of the QD. The tissue section shown in Figure 6 was reexamined using confocal fluorescence microscopy and spectral analysis of the fluorescence emissions. Figure 7 shows the fluorescence image of the dermabraded skin following QD application (upper image, Fig. 7) , and the spectral analysis of the fluorescence in four specific areas of the slide. Area A, Figure 7 , is the upper aspects of the dermabraded skin where the QD concentrated following application. The spectrum of the fluorescence emission at a pixel in the center of area A is shown as spectrum A. The fluorescence emission has a sharp peak centered at 620 nm as would be expected for the QD (621-nm emission maximum). Autofluorescence routinely seen in skin does not have a sharp emission peak (spectrum not shown), and has a pattern of emission peaks at~600, 630, and~680 nm with intensities considerably less than those of the QD. Similarly, the spectrum for the fluorescence detected at representative pixels in areas B, C, and D, Figure 7 , have fluorescence spectral emissions at 620 nm, which is consistent with the fluorescence emission from the QD. Examinations of the fluorescence spectral in the dermis from other dermabraded and control tissues following treatment with QD resulted in the same conclusion, that is, that the QD were penetrating dermabraded skin and not control or tapestripped skin.
DISCUSSION
In this study, we describe the penetration of nanoparticles (QD) through skin in vivo following application in a cream similar to those used in skin lotions or sunscreens. The PEGcoated QD were topically applied at a dose of 9.4lM at a cream dose rate of 2 mg/cm 2 . When the QD were applied to intact skin or skin where the stratum corneum was removed by tape stripping, we found no evidence of the migration of the QD into and through the skin to the regional lymph nodes or liver, based on the measurement of cadmium in tissues and fluorescent QD by confocal microscopy. We did detect elevated cadmium in the liver from one group of mice at 48 hr after application of QD to intact skin. However, taking into consideration the lack of significant increase of cadmium in the lymph nodes and liver of other groups (e.g., tape stripped, acetone treated, intact skin covered with occlusion patch), we conclude that this one result is probably spurious and that there is no evidence of QD penetration through skin containing an intact epidermis and biodistribution to the lymph nodes or liver. The same cannot be said for application of the QD to the skin of animals that had the skin damaged through dermabrasion. We found a significant increase in the level of cadmium in the lymph nodes and livers of mice pretreated with dermabrasion. Considering the amount of cadmium contained in the applied QD, we were able to detect the migration of 1.98 and 1.96% of the topically applied dose in the livers in 24 h in dermabraded skin with and without the occlusion patch, respectively. This also indicates that of the approximately 2.8 3 10
13 QD that were applied to the mice, approximately 5.6 3 10 11 penetrated the skin and migrated to the liver. To the best of our knowledge, this is the first quantitative determination of the migration of QD from the skin into internal sentinel organs.
Tape stripping is the most common method to remove the outermost barrier of the skin to environment. Studies have shown that the greater the number of tape strippings can increase the degree of corneocyte removal and epidermis damage can occur; however, these results are dependent on the tape, pressure, and time on the skin (Breternitz et al., 2007) . As an example, Oudshoorn et al. (2009) have shown that the application of four tape strippings with fingertip pressure to SKH-1 mice resulted in transepidermal water loss (TEWL), but not complete removal of corneocytes. After six, seven, and eight tape strippings, the TEWL was increased, and the corneocyte removal was complete at eight tape strippings. With eight or less tape strippings the skin recovered within 24 or 48 h, however, with 12 tape strippings, the skin was damaged to the point that it did not recover in 48 h. In our study we quantified the number of tape strips required to achieve stratum corneum removal without damaging the epidermis using histology. Our results that 10 tape strippings are adequate are consistent with those of Oudshoorn et al. (2009) .
In a prior study we established that the lymph nodes and liver were appropriate sentinel organs for distribution of PEGcoated QD (37 nm diameter) following intradermal injection (Gopee et al., 2007) . The QD disbursed throughout the viable subcutis at the injection site (visualized using fluorescence microscopy) and were additionally visible within minutes migrating through the lymphatics to the regional draining lymph nodes (Gopee et al., 2007) . The migration of the QD was quantitatively determined using ICP-MS and was based on the cadmium content of the CdSe-based QD. At 24 h following injection, approximately 6% of the injected dose of QD was contained in the liver, with~1 and~0.5% present in the regional lymph nodes and kidney, respectively. This study established that if PEG-coated QD were present in the dermis, the migration of the QD from the dermis could be monitored using the regional draining lymph nodes, liver, and kidney as sentinel organs. These results were very similar to those reported by Manolova et al. (2008) following injection of virus-like particles (30 nm) and polystyrene spheres (20, 500, 1000, and 2000 nm) . They found that the 20-nm virus-like particles and 20-nm polystyrene spheres migrated from the footpad (injection site) to the popliteal lymph nodes by free drainage and were taken up by macrophages, whereas the larger polystyrene spheres (500-2000 nm) were transported to the lymph nodes by dendritic cells. Fluorescence microscopic analysis of tissue sections revealed a similar pattern of initial deposition of free nanoparticles through the lymph system to the sinuses (Fig. 2 , Gopee et al., 2007; Fig. 2, Manolova et al., 2008) where they interact with either subcapsular macrophages or lymph node resident CD8a þ dendritic cells. The skin can be a difficult organ in which to assess penetration of drugs and materials; however, because the skin is an important first line of defense against many environmental and topically applied materials, it is very important to understand its potential as a barrier, especially to nanoscale materials. As a result, several methods have been developed to assess epidermal penetration and possible distribution to the rest of the body of drugs and chemicals: (1) application to skin in vitro and examination of skin for test material or flowthrough fluid for test article; (2) application to skin in vivo and detection of the test material either (a) in the skin or (b) in sentinel organs following biodistribution.
The first method for determining skin penetration, an in vitro-based method, involves removal of the skin from an animal, the skin is stretched over a holding apparatus (e.g., flow-through diffusion cell; Bronaugh, 2000; Bronaugh and Stewart, 1985) , the test article applied to the epidermis side of the skin, and penetration is assessed by detecting nanoparticle presence in the epidermis or dermis, or by detection of the nanoparticle in the fluid that passed underneath the skin. Baroli et al. (2007) studied the penetration of nanoscale tetramethylammonium hydroxide stabilized maghemite (6 nm) and sodium bis(2-ethylhexyl)sulfosuccinate stabilized iron (predominantly 5 nm) as aqueous suspensions in a diffusion cell in vitro using full thickness human skin. Skin samples were exposed to the nanoparticles and removed, frozen, and analyzed using scanning electron microscopy with backscatter electron imaging and energy dispersive X-ray analysis (EDS).
Using this method, the authors were able to demonstrate that the iron nanoparticles were contained in the stratum corneum, sometimes in the uppermost sections of the viable epidermis, and in rare cases below the stratum corneum and epidermal junction. This study clearly demonstrated the integrity of the skin barrier to a particular nanoparticle, but also demonstrated the necessity of robust methods to analyze the skin for nanoparticles (e.g., EDS).
Tinkle and colleagues (Tinkle et al., 2003) used human skin samples, and determined the penetration of 0.5-, 1-, 2-, or 4-lm-diameter fluorescent dextran spheres into the skin following continual skin flexing (45°, 0.33 Hz). Sections of the skin were analyzed using confocal fluorescence microscopy for fluorescence particle penetration. The 0.5-and 1-lm beads penetrated to the stratum corneum and epidermal interface, with some particles penetrating into the epidermis after 30 and 60 min. Most notable, discontinuous stratum corneum allowed significantly more penetration of the particles into the epidermis.
In another study, gold nanoparticles (15, 102, and 198 nm) were suspended in 0.15M phosphate, pH 7.4, were applied to rat skin using the in vitro skin system (e.g., Franz diffusion cell) and quantified using electron microscopy with X-ray energy dispersive spectrometry (Sonavane et al., 2008) . In 24 h, the 15-nm gold penetrated the skin to an extent that was 125 and~3800 times greater that of the 102-and 198-nm gold, respectively. Using constantly perfused rat intestine, at 6 h the 15-nm gold had permeated the intestines to an extent that was~75 and~980 times greater than the 102 and 198-nm gold, respectively.
In a study by Ryman-Rasmussen et al. (2006) , commercially available QD were applied to porcine skin using an in vitro flow-through diffusion cell. The QD were PEG coated (35 and 45 nm), PEG-coated amine terminated (15 and 20 nm), or PEG-coated carboxylic acid terminated (14 and 18 nm) and suspended in a borate buffer. After application, a physiological-equivalent perfusate was applied to facilitate diffusion into and through the skin. Using confocal microscopy the authors demonstrated that PEG-coated QD penetrated the intact stratum corneum and into the epidermis (Ryman-Rasmussen et al., 2006) . The amine terminated QD penetrated the stratum corneum into the epidermis, and some were found in the dermis by 8 h. The carboxylic acid terminated QD remained in the stratum corneum at 8 h, with some evidence of penetration at 24 h. These studies were extended, applying the same PEGcoated QD as used in the current study as an aqueous suspension to porcine skin in vitro (Zhang et al., 2008b) . Using confocal fluorescence microscopy, the QD did not penetrate the stratum corneum or were found at the stratum corneum stratum granulosum interface, but were not detected in the epidermis.
Together the studies of Tinkle et al. (2003) , RymanRasmussen et al. (2006) , Baroli et al. (2007) , Zhang et al. (2008b) , Rouse et al. (2007) using fullerene derivatized peptides, and Sonavane et al. (2008) demonstrate that DERMAL PENETRATION OF NANOSCALE QUANTUM DOTS nanoparticle penetration of skin is dependent on the particle size and chemistry, and that assumptions should not be made regarding skin penetration by nanomaterials. In addition, the power of the observations and conclusions regarding skin penetration is dependent on the methodology used to analyze the samples for the nanoparticles, where methods such as EDS show a tremendous ability to qualitatively measure the penetration of nanoparticles into skin. The studies by Tinkle et al. (2003) suggested that skin integrity might provide a route of entry of particles into the epidermis.
Our results, showing that a significant percentage of the dose of topically applied QD penetrated the skin following damage (e.g., dermabrasion) and migrated to the lymph nodes and liver, is consistent with recent observations by others. applied an aqueous solution of commercially available QD to rat skin (hair clipped) that was either tape stripped or abraded by sandpaper. The penetration of the QD into the skin was assessed using confocal microscopy and there was no evidence of epidermal penetration following tape stripping; however, abrasion using sandpaper led to penetration of the QD into the dermis . Our results using confocal fluorescence microscopy are consistent with those of , but more importantly, reinforce their microscopic observations of QD in the skin, by detecting and quantifying the distribution of QD to regional lymph nodes and liver. replicated the in vitro skin flexing studies reported by Tinkle et al. (2003) using PEG-coated QD and rat skin. They were not able to visualize QD penetrating into the viable epidermis following 60 min of flexing.
In a recent study, Mortensen et al. (2008) applied carboxylic acid terminated PEG-coated QD in a 75% glycerol solution to the backs of hairless mice. The mouse skin was either normal or pretreated 1 h prior with an erythemic dose of UV (270 mJ/ cm 2 UVB). Using confocal fluorescence microscopy and narrow band-pass filters, Mortensen et al. (2008) demonstrated low levels of QD penetration through the stratum corneum and into the epidermis of skin from control mice at 24 h, and the effect of ultraviolet light was to increase the extent of penetration. The presence of the QD in the epidermis was confirmed using transmission electron microscopy with EDS.
Our observations along with those of Zhang and MonteiroRiviere (2008) and Mortensen et al. (2008) demonstrate that damaged skin (either dermabrasion or UV-induced damage) could be a portal for entry of nanoparticles into the viable epidermis and dermis, and our studies extend these observations to show that the penetrating particles can biodistribute to other organs, thereby increasing the exposure and potential for adverse effects.
In conclusion, we were able to quantify the dermal penetration of PEG-coated QD nanoparticles into and through the skin of mice following skin damage (removal of epidermis, dermabrasion). Skin penetration did not occur in mouse skin (which is considerably thinner than human skin) when the skin was untreated, when the stratum corneum was removed by tape stripping, or when the skin was pretreated with acetone (dry skin). Skin penetration did not occur in The QD biodistributed and were detected in the regional lymph nodes and liver. We propose that proper assessment of the dermal penetration of nanoparticles should require quantitative determination of the distribution of the nanoparticles to internal organs (e.g., sentinel lymph nodes and liver) in addition to the examination of the presence of nanoparticles in the skin (see Baroli et al., 2007; Zhang et al., 2008b) . In order to conduct proper risk assessments for dermal exposure to nanomaterials, in addition to knowing the toxicity of the nanoparticles, the condition of the skin and the internalization of the nanoparticles need to be quantified. 
